Abstract. To elucidate factors that affect patterns of habitat use by a goby, Ctenogobiops feroculus, which interacts mutualistically with an alpheid shrimp, Alpheus djeddensis, goby density and habitat type were surveyed along the north shore of Moorea, French Polynesia. Although linear and quadratic multiple regression models both described the relationship between goby density and habitat as being statistically significant, more than twice the variation was accounted for by the quadratic model compared with the linear model. Further evaluation using univariate scatter plots confirmed that goby density correlated non-linearly with habitat as maximal goby density occurred in locations with approximately 71% sand and 29% rubble. Next, an aquarium-based, habitat choice experiment demonstrated that shrimp prefer to burrow in sand-rubble compared with pure sand, and that shrimp are unable to build tunnels in pure sand because burrows collapse in this substrate. This research shows that habitat choice by one organism (e.g. a shrimp) can, because of positive interactions, affect the distribution of another species (e.g. a goby). In addition, it highlights the importance of assessing non-linear relationships in studies of habitat use and, when appropriate, using statistical methods that do not rely on linear assumptions.
Introduction
Organisms are dispersed non-randomly (at least at some spatial scale) in every environment, and a principal goal of ecological research is to elucidate factors that cause these patterns. On coral reefs, for example, fish are distributed heterogeneously at scales spanning several orders of magnitude (Sale 1998) . These patterns are influenced by a combination of both physical (habitat characteristics, environmental disturbance and oceanographic processes) and biological (competition, predation, commensalisms and mutualism) factors.
Studies examining the role of physical factors on reef fish distribution and abundance have produced equivocal results. On the one hand, many fishes utilise specific microhabitats and their distribution patterns are restricted by the occurrence of this microhabitat (Munday 2000; Holbrook et al. 2002) . Accordingly, fish distribution (Letourneur et al. 2003) and abundance (Munday et al.1997; Munday 2000; Schmitt and Holbrook 2000; Clarke and Tyler 2003) have been shown to be affected by microhabitat availability.
Conversely, because habitat preferences often overlap greatly among heterospecific fishes , habitat may be a poor predictor of fish distribution if incoming settlers cannot displace current residents and the establishment of fish on reefs is determined largely by chance settlement events (Munday et al. 2001) . Indeed, several studies have failed to detect patterns between habitat characteristics and the distribution of at least some fish species Roberts and Ormond 1989; Green 1996; Ault and Johnson 1998; Bean et al. 2002) or have found scale-dependent trends (Tolimieri 1995; Munday 2002) .
In addition to physical parameters, biological interactions (e.g. predation, competition, commensalism, and mutualism) can affect the distribution and abundance of reef fish. Although competition (Munday et al. 2001; Scholfield 2003) and predation (Caley and St John 1996) have frequently been found to impact reef fish populations (see review by Jones 1991) , studies on the role of positive interactions (commensalism and mutualism) are less common. Nevertheless, it is becoming clear that commensal and mutualistic interactions are important on reefs, as many fishes associate exclusively with living organisms such as coral (Munday et al.1997; Schmitt and Holbrook 2000) , algae (Carr 1994) and anemones (Schmitt and Holbrook 2003) . In situations in which the distribution and abundance of fish is impacted directly by the presence of a habitatproviding organism, factors influencing the dynamics of that organism ultimately control the spatial arrangement of fish. Fluctuations in the abundance of coral-dwelling gobies, for example, have been shown to mirror changes in coral density (Munday et al. 1997) . Moreover, associations with fish can enhance the growth rates of coral (Meyer et al. 1983) and anemones (Schmitt and Holbrook 2003) . Hence, some fishes have the ability to augment 'habitat' availability, thereby reducing competition for shelter. Consequently, heterospecific positive interactions are likely to play an important, but underappreciated, role in the distribution and abundance of coral reef fish.
Given the lack of attention currently paid to populationlevel impacts of positive interactions in coral reefs (and in ecology in general cf. Bruno et al. 2003) , I explored the roles of abiotic (physical habitat) and biotic (interaction with a mutualist) factors on the patterns of distribution and abundance of a common reef fish, the fierce shrimp goby, Ctenogobiops feroculus. I selected this goby as a model species because it is widespread on coral reefs in the Indo-West Pacific and interacts mutualistically with the snapping shrimp, Alpheus djeddensis (Polunin and Lubbock 1977) (Fig. 1) . Associations between gobies and shrimp are found on many tropical reefs, and more than 100 species of goby and 20 species of shrimp share this mutual interaction (Karplus 1987; A. Anker, personal communication) . The relationship between gobies and shrimp is mutually beneficial (review by Karplus 1987 ) because shrimp construct burrows in which gobies reside, and gobies warn shrimp of potential predators through rapid tail flicks that are felt by the shrimp's antennae (Karplus 1979) . The relationship is obligate for many species of shrimpassociated gobies (including C. feroculus) because goby mortality is very high when gobies are excluded from burrows (A. Thompson, unpublished data; Karplus 1979) . Gobies also aid shrimp, as shrimp do not emerge from burrows and burrow less when alone (Karplus et al. 1972) . Because shrimp obtain nutrition by uncovering food items, such as microcrustaceans, while digging (Magnus 1967; Harada 1969) , reduced burrowing activity results in slower rates of shrimp growth (A. Thompson, unpublished data) .
To understand better the factors that influence the distribution and abundance of fierce shrimp gobies, I quantified habitat parameters and goby abundance at scales of 250 m and 10 m along the north shore of Moorea, French Polynesia. I then assessed whether shrimp gobies were associated with a particular type of habitat. Next, I determined whether spatial location had an influence on goby abundance by comparing goby abundance among the four lagoons on Moorea's north shore at both scales of sampling. Finally, I ascertained whether patterns of goby distribution and abundance are influenced by the ability of shrimp to construct burrows in various habitats by conducting habitat choice experiments within aquaria.
Materials and methods

Study location
The study took place on Moorea, French Polynesia (17°30′S, 149°50′W) between June and September, 1999. Moorea is a volcanic island surrounded by a barrier reef that encloses relatively shallow lagoons (depth, 0.5-5 m; width, 500-1500 m). Live and dead coral (Porites spp., Pocillopora spp., Millepora spp. and Acropora spp.) are both abundant within the lagoons. Habitat types are distributed patchily within the lagoons (Thompson 2002) but, in general, coral cover is greatest near the reef crest, whereas sand and rubble predominate near the shore.
Field study: substrate and shrimp goby surveys I quantified the spatial arrangement of gobies and habitat parameters by conducting surveys at two spatial scales within lagoons on the north shore of Moorea. At a coarse scale, I counted the number of gobies and quantified habitat structure within 3 × 3 m quadrats that were placed at 250-m intervals along north-south and east-west axes within the four north-shore lagoons. (Henceforth, I will refer to these lagoons as coarse-scale plots (CSPs) 1-4 with CSP 1 being the furthest east and CSP 4 being the furthest west; Fig. 2 ). I determined the location of sampling sites by orienting myself with landmarks taken from a detailed nautical map and, when necessary, verified the distance between sample locations with a hand-held global positioning system (GPS) unit (GPS II plus, Garman Corporation, Olathe, KS, USA). Once a survey site was located, I placed a 3 × 3 m quadrat on the substratum and quantified the type of habitat touching 16 evenly spaced points on the quadrat. Specifically, I recorded the following habitat types: sand; rubble (dead, highly eroded coral < 5 cm diameter); live branching coral (mostly Acropora spp.); live non-branching coral (mostly Porites spp., Pocillopora spp.); dead coral; and pavement (flat and eroded coral rock). After assessing the habitat composition of a sample site, I counted the number of gobies within the quadrat. Although almost every goby was clearly associated with a shrimp, I did not directly count shrimp because frequently they did not emerge from a burrow.
Because coarse-scale sampling may have failed to capture variation between sample points, I conducted additional surveys at a finer scale. Here, I used the techniques described above to quantify habitat parameters and goby abundance, but conducted surveys at 10-m intervals within 100 × 100 m plots. (As with the CSP, I will refer to fine-scale plots (FSP) as FSP 1-4, with FSP 1 being furthest east). Fine-scale plots 1 and 2 were located within lagoon 2, FSP 3 in lagoon 3 and FSP 4 in lagoon 4 (Fig. 2) . The FSPs were separated by 1200-3000 m and were located 300-600 m from shore. I chose the position of FSPs to include at least some locations in which shrimp gobies were present. All surveys were carried out using a mask and snorkel.
To elucidate relationships between goby density and habitat parameters, I first conducted a multiple linear regression using proportions of sand, rubble, coral and pavement as independent variables. Although I measured proportions of branching live, non-branching live and dead coral, I combined all three as 'coral' because initial inspection of the data indicated that gobies responded similarly to each coral type. Because several of the relationships between goby density and habitat appeared to be non-linear, next I performed a multiple regression analysis using both linear and quadratic terms of each habitat parameter. I then created a scatter plot of each habitat type against goby density and used least-squares analyses to fit second-or third-order polynomial trend lines to the data. Finally, to better visualise relationships between habitat and density, I correlated mean goby density, which was calculated within 0.1 bins of each habitat parameter (e.g. I calculated mean goby density at locations with 0.0-0.1 proportion sand, 0.1-0.2 sand, etc.), against each habitat type.
I determined whether goby density was spatially variable at a lagoon scale by comparing goby density among CSPs, using one-way analysis of variance (ANOVA) and post-hoc Tukey's test. Next, I restricted the ANOVA to include only those sample points with usable habitat (i.e. 50-90% sand and 10-50% rubble; discussed later in Results) to assess whether differences in goby density among lagoons were influenced by variability in appropriate habitat. I then used ANOVA and Tukey's test to determine whether habitat was the primary factor affecting distribution at the fine scale by comparing goby density among FSPs, using only those samples with appropriate habitat.
Laboratory study: habitat choice experiments
Because field surveys showed that goby density was relatively low in locations with close to 100% sand (see Results), using an aquarium experiment I determined whether this pattern was caused by active habitat selection. I placed one goby and one shrimp (average goby total length (TL) ± s.e. = 48.5 ± 2.30 mm, average shrimp TL ± s.e. = 37.8 ± 1.56 mm) in an aquarium (0.04 m 3 ) in which the substrate was pure sand on one side and a mixture of approximately 30% coral rubble and 70% sand (by volume) on the other. I added gobies and shrimp to the aquarium in the morning and after 24 h assessed whether a burrow was constructed and where it was located. I conducted 24 replicates using different gobies and shrimp each time. I followed the habitat choice experiment by placing one goby and one shrimp into an aquarium with a pure sand substrate and after 24 h determined whether a burrow had been constructed and whether the goby associated with the shrimp. I again conducted 24 trials using the gobies and shrimp from the previous experiment.
I used a χ 2 goodness of fit test to determine whether burrow location deviated from the null expectation of an even number of burrows in sand and sand-rubble habitats. Finally, I visually inspected pure sand tanks to determine whether this environment precluded shrimp from constructing burrows. All statistical analyses were performed using JMP 5.01.2 (SAS Institute Inc., Cary, NC, USA).
Results
Field study
Although linear (Table 1 ) and quadratic (Table 2 ) multiple regression models both significantly explained the variability in goby density, the quadratic model (r 2 = 0.37, F = 49.0, d.f. = 8, 681; P < 0.0001) accounted for more than twice the variation than the linear model (r 2 = 0.17, F = 35.7, d.f. = 4, 681; P < 0.0001). Furthermore, in comparison with the linear model, the quadratic version reduced collinearity effects among the independent variables as all four habitat parameters contributed significantly to the quadratic model (Table 2 ), but only two (sand and rubble) were significant in the linear model (Table 1) . Univariate scatter plots further emphasised the non-linear relationship between goby density and habitat, as a third-order polynomial equation best described the correlation between goby density and sand, and second-order polynomials best described the relationship between goby density and rubble, coral and pavement (P < 0.0001 for all) (Fig. 3) . Finally, that goby density correlated non-linearly with habitat was illustrated most clearly through examination of scatter plots of average goby density against binned habitat parameters (Fig. 4) . Here, a third-order polynomial equation best described the relationship between mean goby density v. sand and rubble, whereas a second-order polynomial equation characterised the relationship between average goby density v. coral and pavement (P < 0.0001 for all) (Fig. 4) . By evaluating the first derivative of equations for the best-fit lines and solving for 0, I determined that, on average, maximal goby density occurred when the substrate was composed of 71% sand and 29% rubble.
Comparisons of goby density among lagoons (i.e. CSPs) indicated that density was significantly greater in CSPs 3 and 4 rather than 1, but that there was no significant difference between CSP 2 and any of the other CSPs ( Fig. 4a; F 3,197 = 3.77, P = 0.01). The difference in goby density among lagoons, however, was explained by inter-lagoon habitat variation, as there was no difference in density when analysis was restricted to points with suitable habitat (i.e. 50-90% sand and 10-50% rubble) ( Fig. 4b; F 3 ,32 = 0.73, P = 0.54). Analysis of goby density among FSPs indicated that goby densities differed among plots even when points only with appropriate habitat were considered ( Fig. 5; F 3 ,111 = 9.4, P < 0.001). Specifically, goby density was significantly lower in FSP1 compared with the other plots.
Laboratory experiment
Habitat choice experiments indicated that shrimp avoided pure sand habitats, as all burrows were constructed in the rubble-sand habitat (Table 3) . Furthermore, in each trial, the goby associated with the shrimp and utilised its burrow for shelter. Examination of gobies and shrimp placed in pure sand habitats demonstrated that shrimp were incapable of constructing burrows in this environment as burrows consistently collapsed and left gobies and shrimp in a shallow sand depression that provided little shelter (Table 3) .
Discussion
Although competition and predation (review by Jones 1991) have been shown to influence the distribution and abundance of fishes on coral reefs, the role of positive, interspecific interactions has received less explicit attention. My results suggest that the distribution of the fierce shrimp goby, C. feroculus, is affected significantly by the habitat preference of a mutualistic shrimp, A. djeddensis, and that this pattern was prevalent at multiple spatial scales. Field surveys indicated that gobies are restricted largely to habitats with a mixture of sand and rubble because shrimp are best able to construct burrows in such environments. Even though I expected that shrimp would not occupy habitats dominated by hard substrates, such as coral or pavement, because shrimp cannot tunnel through solid substrate, I unexpectedly found that pure sand substrate also precluded burrow construction because at least some hard substrate is necessary to keep tunnels from collapsing. Hence, the distribution of A. djeddensis is constrained by appropriate habitat, which, in turn, apparently dictates the distribution and abundance of C. feroculus. In addition to C. feroculus and A. djeddensis in Moorea, the distribution patterns of several species of gobyassociated shrimp are likely to be affected by habitat parameters. In Japan, Yangisawa (1984) found that the goby Amblyeleotris japonica and its shrimp partner Alpheus bellulus are found primarily in locations with a mixture of sand, pebbles, coral debris and shell fragments, but are scarce in pure sand habitats. In addition, four species of goby-associated shrimp that reside in lagoon habitats in the northern Red Sea each inhabit specific microhabitats that are characterised by sediment grain size and depth (Karplus et al. 1981) . In contrast to the shrimp, gobies are associated more weakly with particular habitats in the Red Sea and are frequently associated with several species of shrimp (Karplus et al. 1981) . As opposed to the Red Sea, where nine species of gobies and eight species of shrimp are found in close proximity, there are only three goby and three shrimp species in Moorea and their distributions are allopatric (A. Thompson, personal observation) . Qualitative observations showed that the goby Amblyleotris wheeleri and the shrimp Alpheus sp. are found outside of lagoons, in relatively deep (> 2 m) water with coarse sediment. In addition, the goby Vanderhorstia ornatissima and its shrimp partner Alpheus sp. reside solely in silty habitats within lagoons (A. Thompson, personal observation) . Hence, habitat may influence the distribution patterns of multiple species of gobies and shrimp in Moorea.
An important finding of the present study is that the carrying capacity of one organism (a goby) is influenced directly by a mutualistic interaction with another species (shrimp). Although the goby-shrimp interaction is a highly co-evolved mutualism (Karplus 1987) , the general processes that influence the dynamics of this system are likely to apply to many reef organisms. Trapeziid crabs (Trapezia sp.) and alpheid shrimp (Alpheus lottini), for example, interact mutualistically with branching corals (Glynn 1976 ). In such systems, corals provide shelter and food (in the form of mucus secretion) for the crustaceans, whereas crustaceans actively defend corals against predators such as the crown of thorns starfish (Acanthaster planci) (Glynn 1976) . Similarly, majid crabs (Mithrax sp.) utilise coralline algae (Stachowicz and Hay 1996) or coral (Stachowicz and Hay 1999) for shelter and benefit their hosts by consuming epiphytic algae, which would otherwise overgrow them. A comparable system involves damselfishes and anemones; anemones provide damselfishes with protection and the damselfishes defend anemones from predators (Schmitt and Holbrook 2003) . The common thread between these interactions is that one species directly chooses a habitat whereas the other utilises its host as 'habitat'. In such systems it is critical to assess simultaneously the dynamics of both species to elucidate causes of their distribution and abundance.
In addition to direct mutualistic interactions, numerous reef fishes reside commensally on or within larger sessile or slowly moving invertebrates (e.g. sponges, corals or echinoderms). As with the goby examined in the present study, the population ecology of such fishes is ultimately influenced by the distribution patterns of another organism. The dependence of fish on coral dynamics was demonstrated in a study that examined habitat use by obligate coral-dwelling gobies, Gobiodon sp. (Munday et al. 1997) . These gobies reside within specific coral species and their populations vary in response to coral density. Similarly, the abundance of another coral-dwelling goby, Paragobion echinocephalus, was found to fluctuate in concert with a branching coral, Stylophora pistillata (Kuwamura et al. 1994) . Consequently, to understand the factors influencing coral-dwelling fish populations, it is often necessary to examine the dynamics of organisms that provide shelter rather than merely treating those organisms as 'habitat'.
The present study accentuates two points that should be considered in studies of the effect of habitat on fish density. First, it is necessary to determine whether a linear relationship exists between habitat parameters and fish density. On the north shore of Moorea, I found that shrimp and goby density correlated non-linearly with both sand and rubble. Although linear and quadratic multiple regression models both indicated that a significant relationship existed between habitat and goby density, the quadratic model accounted for more than twice the variability in goby density than the linear model (Tables 1, 2 ). This result highlights the importance of testing for non-linear relationships in studies of habitat use. If non-linear patterns exist, then problematic conclusions might be reached if common examination techniques that are based on linear correlation (e.g. principle component analysis, multiple regression) are used to analyse data. Hence, non-linear relationships between habitat and fish density might contribute to the relatively common finding that fish abundance is not affected by habitat (e.g. Roberts and Ormond 1987; Green 1996; Ault and Johnson 1998) .
Second, my results stress the need to quantify accurately the precise microhabitat requirements of a particular fish before searching for patterns of broad-scale habitat use. If appropriate microhabitat is not measured when researching fish-habitat relationships, there will be little ability to find meaningful relationships between habitat parameters and fish density. For example, although Sale (1972) did not consistently detect strong relationships between the density of the damselfish, Dascyllus aruanus and habitat, Holbrook et al. (2000) found that habitat accurately explained its density over several spatial scales. Holbrook et al. (2000) attributed this discrepancy to their ability to identify the precise microhabitat requirements of D. aruanus rather than relying on coarse categorisations of habitat type. In addition, although Jenkins and Hamer (2001) found no relationship between seagrass cover and King George whiting (Sillaginoides punctata) density, they detected a significant correlation between habitat and S. punctata after accounting for both interstitial prey (microcrustaceans) and seagrass among sample sites. Similarly, my ability to detect the effect of habitat on shrimp gobies would have been compromised had I not considered both sand and rubble.
The goal of the present study was not to downplay the role of competition and predation on reef fish distribution, but to heighten the attention paid towards the important role of mutualistic and commensal interactions among many reef organisms. In addition to habitat type and mutualistic interactions, the distribution of shrimp gobies in Moorea, like most reef fishes, are probably affected by a variety of abiotic and biotic forces (see Jones 1991; Schmitt and Holbrook 2000; Shima 2001 ) such as recruitment variability (Doherty and Fowler 1994) , predation (Hixon and Beets 1993) and intraspecific competition for mutualists (Karplus et al. 1974; Cushman and Whitham 1991) . For example, although habitat heterogeneity explained the abundance of gobies among lagoons (Fig. 5b) , goby abundance within appropriate habitats was significantly less in FSP 1 than in the other FSPs (Fig. 6) . Hence, a factor other than habitat type affected abundance patterns in FSP 1. A potential (but untested) explanation for the relatively low abundance of gobies in FSP 1 is that shrimp and/or goby recruitment was low at this location. Rates of recruitment, which are dictated by larval input and post-settlement processes such as competition and predation, have been shown to strongly influence the size of marine invertebrate (Roughgarden et al.1988 ) and fish (Doherty and Fowler 1994) populations in many systems, including Moorea Shima 2001 ). In Moorea, water comes into the lagoons over the reef crest and flows out through channels in a Densities are calculated using sample points only with appropriate habitat (50-90% sand and 10-50% rubble). Error bars represent ± 2 s.e. unidirectional manner (Shima 1999) . Shima (2001) demonstrated that rates of larval settlement of six bar wrasse, Thalassoma hardwicke, were greatest near the reef crest and declined towards shore. Hence, T. hardwicke recruitment on patch reefs was a direct function of settlement rates at near-shore sites, but was influenced more strongly by density-dependent morality near the reef crest where suitable habitat was consistently saturated. Because FSP 1 was further from the reef crest than the other FSPs, and gobies and shrimp both have pelagic larvae (A. Thompson, personal observation), perhaps a reduced supply of larva limited the abundance of shrimp gobies in this location. Consequently, multiple factors must be considered in order to gain a complete picture of which factor(s) influence the distribution and abundance of reef fish (Jones 1991; Schmitt and Holbrook 2000; Shima 2001 ). In summary, this is the first study to quantify the effects of environmental heterogeneity on the distribution and abundance of a shrimp-associated goby. My findings emphasise that habitat use studies need to: (i) deduce the precise habitat requirements of organisms; (ii) assess whether or not relationships between habitat and organism density are non-linear and, if necessary, use appropriate statistical analyses that account for non-linearity; and (iii) consider the dynamics of multiple organisms simultaneously because many organisms interact positively with and depend on other species for habitat. Incorporating this approach when studying fish habitat use should provide insight towards which factors ultimately control the population ecology of many species of reef fish. 
